The objective of this study was to analyze in detail the time trend in prostate cancer mortality in the population of Tyrol, Austria. In Tyrol, prostate-specific antigen tests were introduced in 1988-1989 and, since 1993, have been offered to all men aged 45-74 years free of charge. More than three quarters of all men in this age group had at least one such test in the last decade. The authors applied the age-period-cohort model by Poisson regression to mortality data covering more than three decades, from 1970 to 2003. For Tyrol, the full model with age and period and cohort terms fit fairly well. Period terms showed a significant reduction in prostate cancer mortality in the last 5 years, with a risk ratio of 0.81 (95% confidence interval: 0.68, 0.98) for Tyrol; for Austria without Tyrol, no effect was seen, with a risk ratio of 1.00 (95% confidence interval: 0.95, 1.05). Each was compared with the mortality rate in the period [1989][1990][1991][1992][1993]. Although the results of randomized screening trials are not expected until 2008-2010, these findings support the evidence that prostate-specific antigen testing offered to a population free of charge can reduce prostate cancer mortality.
Prostate cancer is the second-leading cause of male cancer death in most industrialized countries. Thus, the discussion about whether prostate-specific antigen (PSA) testing should be offered in organized screening programs acquires great public health importance. Very large, randomized studies with more than 100,000 cases and controls per study are still ongoing in Europe and the United States; to our knowledge, only one smaller randomized study in Quebec has been concluded (1) . These large studies reflect the exceptional interest in scientifically proven evidence on whether organized PSA screening reduces prostate cancer mortality. Until now, screening healthy men for prostate cancer has been shown to be feasible and acceptable in large studies (2) . However, conclusive results are not anticipated until 2008-2010 (3) , and one must bear in mind that randomized studies are expected to entail some problems with contamination of control groups (2) .
PSA tests were introduced in Tyrol, Austria, in 1988-1989 and, since 1993, have been offered to all men aged 45-74 years (4) . In Tyrol, where PSA testing is free of charge and is widely accepted, more than three quarters of men in this age group had at least one PSA test in the period 1993-2003, and some of them have PSA tests regularly. In addition, free annual health checks, including a digital rectal examination, are offered not only in Tyrol but also in all of Austria. Roughly one fifth of men accept this offer of a general medical examination. However, in Austria without Tyrol, PSA tests are not included in the free annual checks and must be paid for by the patient. Consequently, in Tyrol, the prostate has taken the lead among incident cancer sites for men, accounting for one third of all incident cancer cases, although, in terms of mortality, lung cancer is still much more frequent and accounts for one fourth of male cancer deaths. Prostate cancer is responsible for 12 percent of such deaths. The number of incident prostate cancer cases has more than doubled in the last decade, with up to 600 incident prostate cancer cases diagnosed annually in recent years (5) (6) (7) (8) .
These facts prompted us to conduct an in-depth analysis of time trends in cancer mortality. Our objective was to examine the time trend in prostate cancer mortality by using an age-period-cohort (APC) model to determine whether there was a significant change in the trend and to compare the results for Tyrol with those for Austria without Tyrol.
MATERIALS AND METHODS
Mortality data, which are collected by Statistics Austria (9), were analyzed for Tyrol and for Austria without Tyrol. In Austria, death certificates are issued by official, specially trained medical physicians, pathologists, and forensic medical experts. Specialists at Statistics Austria, the federal institution for statistics in Austria, follow international guidelines and select one main diagnosis that led to death and assign it one International Classification of Diseases code (using the Ninth Revision until 2001, the Tenth Revision since 2002). All procedures concerning death certificates, data collection, and coding are applied uniformly throughout Austria and are not state specific. We analyzed all cases for whom prostate cancer was coded as the cause of death, as described above.
Population data are also collected by Statistics Austria. Census data are available for the years 1971, 1981, 1991, and 2001 ; for intercensus years, population figures are extrapolated based on births, deaths, and migration information. At the time of our analysis, we had no access to population data for 2003 and thus used the population data from 2002 for 2003 (the difference in population for 1 year is very small: about 0.6 percent for states in western Austria and even less in the eastern states, namely, about 0.2 percent). The male population of Tyrol in census year 2001 was 328,323. In Austria without Tyrol, it was 3,559,913.
The analysis of mortality time trends was based on APC modeling by fitting separate models for Tyrol and for Austria without Tyrol (10, 11) . APC models allow separate effects to be estimated for age (A), period or year of death (P), and cohort (C) by means of Poisson regression. In a more formal sense, we fit a series of models as follows:
q denotes the mortality rate:
The model is often written in antilogs as follows:
where a A # denotes the antilog of a A or a A # ¼ expða A Þ; and so forth:
As suggested by Clayton and Schifflers (10, 11) , a series of models is fit until model fit is adequate. We start with A alone and proceed by including P and/or C in the model if the model fit is not sufficient without the extra term and inclusion of the term substantially improves goodness of fit. Goodness of fit is measured by deviance, which should be equal to or close to the degrees of freedom if the model fit is reasonably good.
For statistical analysis, the number of prostate cancer deaths was aggregated in 5-year age groups, 5-year period groups, and consequently 5-year cohort groups. In Tyrol, there are very few prostate cancer deaths in men less than age 60 years (3.3 percent of all prostate cancer deaths). We thus decided to build the model for age groups beginning with age 60-64 years and to continue by using 5-year age groups. We had access to mortality data beginning in 1970, so our first period group was 1970-1973. The others continued in 5-year period groups and ended with the period group 1999-2003. Our hypothesis was that the mortality rate decreases following PSA testing, so the reference category for period was 1989-1993. Consequently, because C ¼ P -A, cohort groups began with 1882-1886 and continued in 5-year groups.
The analysis was performed with Stata version 8 software, using procedure poisson for Poisson regression (12) .
RESULTS
We fitted separate models for prostate cancer mortality for Tyrol and for Austria without Tyrol according to the method suggested by Clayton and Schifflers (10, 11) . If a model fits well, the deviance is chi-square distributed with degrees of freedom as given by the model. Therefore, if the deviance is equal to or near the degrees of freedom, the model fits rather well. For Tyrol, the AP model had 30 df and deviance 50.3; the AC model had 25 df and deviance 69.0. After adding period and cohort terms, the APC model reached 20 df with deviance 27.1, which seems reasonably good. For Austria without Tyrol, the AP model had 30 df and deviance 243.7, the AC model had 25 df and deviance 80.8, and the APC model had 20 df and deviance 61. 4 . We also applied the likelihood ratio test for parameters to test whether the effect of a new parameter was different from zero. For every step in model extension, the likelihood ratio test showed that the parameter effect was different from a zero effect. Thus, it was justified to add each parameter step by step.
One characteristic of the applied model is that period and cohort effects were divided into linear effect (called drift) and nonlinear effect (called nondrift). For Tyrol, we found that neither the AP model nor the AC model reached sufficient model fit, but the APC model fit fairly well. We could not distinguish between drift in period and drift in cohort because, when we modeled drift in cohort terms, we found a strong nondrift period effect, and when we modeled drift in period terms, we found a strong nondrift cohort effect. For Austria without Tyrol, none of the models reached sufficient model fit, so conclusions drawn from the model are to be interpreted with great caution. We modeled drift in period terms, so what we report here as estimators for period is the linear plus the nonlinear time trend.
Effects from the APC model are described in table 1. The reference category for age was 60-64 years; for period, the reference category was 1989-1993; and for cohort, the reference category was 1882-1886. Figures 1 and 2 show observed age-specific rates and predicted rates in an ageperiod graph and in an age-cohort graph, respectively.
Age effects were comparable for Tyrol and Austria without Tyrol. Compared with the age group 60-64 years, effects were about 2, 5, 9, 15, and 24 for the age groups 65-69, 70-74, 75-79, 80-84, and 85 years, respectively.
Period effects, each compared with years of death 1989-1993, were about 0. For Tyrol, cohort effects were about 1.5 until 1916, after which we found a decrease over the next decade, reaching 1.0 in 1927. For Austria without Tyrol, cohort effects were rather stable, with estimators of 1.20-1.40.
DISCUSSION
Our analysis was based on an observational study conducted among the population of Tyrol, where PSA testing has been offered to men free of charge since it was introduced in the early 1990s. Note that PSA testing is offered in The results of our model showed a statistically significant reduction in prostate cancer mortality during the last period (1999) (2000) (2001) (2002) (2003) in Tyrol, but no reduction in Austria without Tyrol. Our final model for Tyrol fit well and also included cohort as an independent factor, so period effects were adjusted for cohort effects. In contrast, for Austria without Tyrol, model fit was not good. Figure 4 and table 2 show an increase in the prostate cancer mortality rate in both geographic areas and higher rates for Tyrol compared with Austria without Tyrol between 1980 and 1990. We observed an increase of about 15 percent in prostate cancer mortality for most central European countries between 1980 and 1990 (13). In Tyrol, the age-standardized rate (ASR) was 11-17 in 1970-1975 and reached a peak between 1987 and 1995, with a mean ASR of 19; in the rest of Austria, the ASR was 13-15 in 1970-1975 and peaked at 18 in 1991. We found no clear reasons for this different increase in Tyrol and in Austria without Tyrol. In the model, we defined the reference category for time as 1989-1993. As a consequence, for both geographic areas, the estimator for this reference time period was 1 and the period estimators for Tyrol were smaller in the 1970s and 1980s than for Austria without Tyrol ( figure 3) .
A recent publication by Vutuc et al. (14) analyzed prostate cancer mortality data in Austria from 1970 to 2002. That study used a different method, namely, a joined-point regression model, which assumes linear segments and identifies points where the slope changes. Age groups were also defined in a slightly different way. Possibly its greatest difference from our method is that the joined-point regression model did not take cohort effects into account. Finally, Vutuc et al. analyzed mortality data up to 2002, whereas we considered mortality data up to 2003. For Austria without Tyrol, Vutuc et al. found a significant annual decrease of ÿ2.36 for the age group 70-79 years beginning in the year 1989 and a significant annual increase of 1.64 for the age group 80-89 years (we report significant results only). For Tyrol, the authors reported a nonsignificant annual increase of 1.15 for the age group 50-59 years, a nonsignificant annual decrease of ÿ0.60 for the age group 60-69 years, a significant annual decrease of ÿ6.42 for the age group 70-79 years beginning in 1991 (after a nonsignificant annual increase of 1.99), and a nonsignificant annual increase of 1.16 for the age group 80-89 years.
When we looked at the age groups up to 80 years, about two thirds of prostate cancer deaths were found in the age group 70-79 years. However, the Vutuc et al. (14) results also showed a significant decrease.
One might argue that differences in age structure could be responsible for some of the differences in prostate cancer mortality; however, our model considered age groups. In addition, there were only slight differences in age structure between Tyrol and Austria without Tyrol. Whereas in Tyrol the percentages of men aged 65, 75, and 85 years or older were 12.3, 4.7, and 0.9, in Austria without Tyrol, the respective percentages were 10.9, 4.0, and 0.9.
Because we analyzed mortality data, the quality of death certificates was very important to the conclusions we drew. In general, the quality of mortality statistics in Austria has been high for decades (15) . Nevertheless, we cannot rule out the possibility that PSA testing has had an influence on death certificates. As mentioned above, coding is performed by one central institution for the whole of Austria and thus is not state specific. Therefore, the only difference could be in how the death certificates are written. We can imagine a bias in each direction: a tendency to code either more prostate cancer deaths because of great public awareness of prostate cancer or fewer prostate cancer deaths because of more caution in denoting prostate cancer as the cause of death. In summary, although we cannot rule out a bias regarding death certificates attributable to the different time trends, our assessment is that if a bias exists, it is probably small and cannot explain the 19 percent reduction in prostate cancer mortality we observed in our model. There are no approximate figures on the volume of PSA testing conducted in Austria without Tyrol. We tried to use sales figures collected by test kit companies, but all information was too imprecise to realistically estimate the PSA testing rate in Austria without Tyrol.
For Tyrol, we collected data from all PSA laboratories and estimated the PSA testing rate based on two assumptions. First, it was for only the Urology Department of Innsbruck Medical University that we knew whether a PSA test was for screening purposes; that is, 85 percent were screening tests, and we assumed the same percentage for all other laboratories. Second, there was no personal identifier for about 500,000 of the PSA tests, and we assumed that the first four digits of the surname and date of birth uniquely identified the person. Details are shown in table 3. After 9 years of intensive PSA testing, we estimated that 75.1 percent of all men aged 45-74 years in Tyrol had had at least one screening PSA test.
Because we had no valid information on the volume of PSA testing conducted in Austria without Tyrol, looking at the time trend in cancer incidence can provide some insight into the amount of such PSA testing. When we compared incidence time trends between Tyrol and Austria without Tyrol, we found an ASR of 40-53 for 1988-1991. Afterward, the incidence rate in Tyrol already had doubled by 1993 (ASR ¼ 87), and we observed an ASR of 100-130 since 1997. In Austria, however, from 1988 to 1991, the ASR was identical to the rates in Tyrol; we observed an increase beginning in 1993 and an ASR of 79-90 since 1998. Details are shown in table 3. Thus, for Austria, we expect a smaller decrease in mortality, and we expect the decrease to begin some 5 years later.
Our estimation of the PSA testing rate shows that, in 1995 and 1997, more than one third and one half, respectively, of all men in the age group 45-74 years in Tyrol had at least one PSA screening test. However, our estimation did not consider PSA tests before 1993. Thus, we tended to underestimate the true PSA screening rate. In other words, the period when half of the men had at least one PSA screening test is likely to be 1 or 2 years earlier. The model shows a decrease in prostate cancer mortality in Tyrol by one third around 2000. These data would fit a screening latency period of 5-7 years, which has been shown for mammography screening programs.
The effect of screening programs depends on the sensitivity and specificity of the detection method but also on the efficacy of the therapy applied for the cases detected in the screening program. This second component should not be underestimated. In fact, in Tyrol, a large proportion of such patients are treated by high-quality radical prostatectomy. This high quality of outcome is also shown by the excellent survival figures, for example, in the EUROCARE study (16) .
The reduction in prostate cancer mortality in Tyrol could be due to 1) prevention of the disease, 2) detection of the disease at a stage when it is more likely to be curable, or 3) improved outcome of therapy for metastatic disease (4) . We discuss these possibilities in order to explain the * PSA, prostate-specific antigen; ASR, age-standardized rate per 100,000 using Segi weights. y We had data for Austria only as a whole, not for Austria without Tyrol (the male population of Tyrol constitutes 8 percent of the Austrian male population).
z We had no unique personal identifier; therefore, we estimated men to be uniquely identified by the first four characters of their surname and date of birth. We had no information on screening intention in the PSA database, so we estimated the screener percentage as 85 on the basis of detailed data in the database of the Urology Department of Innsbruck Medical University; each man is counted only once per year.
§ For the cumulative testing rate, each man was counted only once from 1993 to the end of the respective period. With regard to improved outcome of therapy for metastatic disease, all patients in Austria have equal access to therapeutic resources; radiotherapy and hormonal therapy are offered in a similar way throughout Austria. In addition, aside from a small amount of money to be paid by hospital patients beginning recently, diagnosis and therapy are free of charge for everyone. Therefore, it is very unlikely that differences in therapy or differences in improvements in therapy caused the differences in mortality reduction between Tyrol and Austria without Tyrol. In conclusion, the main difference between Tyrol and Austria without Tyrol seems to be the high percentage of men in Tyrol who underwent a PSA test.
Other studies also show benefits of PSA screening. In a very detailed analysis, the Surveillance, Epidemiology, and End Results Program group showed possible benefits of PSA screening, although this study was also population based with known possible biases. The authors concluded that part of the decline in prostate cancer mortality in the United States could be due to PSA screening, although they did not rule out other interpretations (17, 21, 22 ). An analysis of data for England and Wales also showed a reduction in mortality, but there was little evidence that PSA screening was the main reason for that reduction; figures show that a change in therapy probably influenced mortality there (23) .
The main problem with our analysis is that nonrandomized studies are prone to several biases. It is hoped that this problem will be solved by the large, randomized screening studies under way in both Europe (European Randomized Study of Screening for Prostate Cancer (2)) and the United States (24) . Up to 2002, the European study-in part population based, in part volunteer based-had enrolled 220,000 men. Neither large study will perform its final analysis before 2008-2010 (25) , and there is some concern about contamination of control groups (2) . A small study with 46,486 participants was conducted in Quebec, Canada (31,133 men in the intervention arm and 15,353 in the control arm), and its last update showed a relative risk of 0.38 (p 0.0002), in other words, a 62 percent reduction in prostate cancer deaths in the screened group. The 33 percent mortality reduction seen in our study 10 years after PSA testing was offered to all men in the age group 45-74 years is in line with findings from the Quebec study if we bear in mind that our result was derived from a population-based analysis.
While we wait for the conclusive results of the large randomized studies, there is great public health eagerness to know more details of the potential benefit of PSA screening. Our study concerned a well-defined population in Tyrol, where we had detailed knowledge of PSA testing rates and information on therapy offered to the population. The APC model fit well for Tyrol, and, in comparison to Austria without Tyrol, the PSA testing rate seemed to be the main factor explaining the difference in time trends between Tyrol and Austria without Tyrol. Of course, our analysis could not overcome the problems of nonrandomized studies, but it can provide further information on the potential benefits of PSA testing or screening.
